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ABSTRACT
Background Immune checkpoint inhibitors (ICI) have 
emerged as a front- line therapy for a variety of solid 
tumors. With the widespread use of these agents, immune- 
associated toxicities are increasingly being recognized, 
including fatal myocarditis. There are limited data on the 
outcomes and prognostic utility of biomarkers associated 
with ICI- associated myocarditis. Our objective was to 
examine the associations between clinical biomarkers 
of cardiomyocyte damage and mortality in patients with 
cancer treated with ICIs.
Methods We retrospectively studied 23 patients who 
developed symptomatic and asymptomatic troponin 
elevations while receiving ICI therapy at a National Cancer 
Institute- designated comprehensive cancer center. We 
obtained serial ECGs, troponin I, and creatine kinase- 
MD (CK- MB), in addition to other conventional clinical 
biomarkers, and compared covariates between survivors 
and non- survivors.
Results Among patients with myocarditis, higher troponin 
I (p=0.037) and CK- MB (p=0.034) levels on presentation 
correlated with progression to severe myocarditis. 
Higher troponin I (p=0.016), CK (p=0.013), and CK- MB 
(p=0.034) levels were associated with increased mortality, 
while the presence of advanced atrioventricular block 
on presentation (p=0.088) trended toward increased 
mortality. Weekly troponin monitoring lead to earlier 
hospitalization for potential myocarditis (p=0.022) and 
was associated with decreased time to steroid initiation 
(p=0.053) and improved outcomes.
Conclusions Routine troponin surveillance may be helpful in 
predicting mortality in ICI- treated patients with cancer in the 
early phase of ICI therapy initiation. Early detection of troponin 
elevation is associated with earlier intervention and improved 
outcomes in ICI- associated myocarditis. The recommended 
assessment and diagnostic studies guiding treatment 
decisions are presented.

INTRODUCTION
The emergence of immune checkpoint 
inhibitor (ICI) therapy has dramatically 

altered cancer treatment over the last decade. 
The ICI class of current Food and Drug 
Administration- approved drugs includes 
anti- programmed cell death 1 (anti- PD-1) 
antibodies (nivolumab, pembrolizumab, and 
cemiplimab), anti- programmed cell death 
ligand-1 (anti- PD- L1) antibodies (atezoli-
zumab, durvalumab, and avelumab), and anti- 
cytotoxic T lymphocyte- associated antigen 
(CTLA-4) agents (ipilimumab). The PD-1/
PD- L1 and CTLA-4 pathways provide nega-
tive feedback to immune activation; however, 
their blockade may lead to development of 
autoimmune toxicities.

Immune- related adverse events (irAEs) 
associated with ICI therapy can develop in 
virtually any organ and can limit their clinical 
utility.1 Cardiotoxicities, including myocar-
ditis2 3 can result from ICI therapy. Myocar-
ditis remains relatively rare, with a reported 
incidence of 0.06%–1%, although the 
precise incidence is unknown.2 ICI- associated 
myocarditis results in high case fatality, esti-
mated to be around 50%.3 The prevalence 
of fatal myocarditis is increased for patients 
on anti- PD-1 and anti- CTLA4 combination 
immunotherapy.4 There exists uncertainty 
regarding the optimal treatment strategy 
for ICI- induced myocarditis, with a variety 
of immunosuppressants currently utilized 
in clinical practice, including high dose 
steroids, anti- thymocyte globulin (ATG), and 
abatacept.5

Previously, a single center study estimated 
the prevalence of ICI- associated myocarditis 
at 1.14%, with a variety of ICIs utilized.6 In that 
study, steroid treatment was initiated in 89% 
of ICI- associated myocarditis cases and lower 
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doses of steroids were associated with higher residual 
troponin and higher major adverse cardiac event rates.6 
Most reported cases of fulminant myocarditis appeared 
to be severe, requiring hospitalization and often intensive 
care unit (ICU) admission. We recently reported a case 
series of patients with severe myocarditis associated with 
ICI therapy,7 and we found a similar mortality but variable 
steroid treatment response.

Treatment of patients with ICI- associated myocarditis 
has been largely based on expert consensus encom-
passing grade ≥3 toxicity.5 Cases of ICI- associated severe 
myocarditis have been successfully treated with systemic 
corticosteroid therapy.2 8–13 Although some steroid- 
refractory cases responded to second- line immunosup-
pressive agents,14 most were clinically advanced with a 
fulminant course before steroid initiation.15–18 Recently, 
cases of a milder or ‘subclinical’ ICI- associated myocar-
ditis have been reported.17 19 The incidence, treatment, 
and outcomes of mild ‘subclinical’ cases of myocarditis 
(grade 1–2), often managed without hospitalization, 
remain an area of further investigation.

We report a retrospective study of 15 patients with prob-
able ICI- associated myocarditis, including 11 patients with 
severe, acute myocarditis and 4 patients with subclinical 
myocarditis. Our objective was to examine clinical char-
acteristics, outcomes, and response to steroid therapy 
in these patients. Additionally, a subcohort analysis 
comparing clinical outcomes of patients with subclinical 
myocarditis with severe cases was performed. In these 
patients, we studied the association between troponin 
monitoring and clinical outcomes.

METHODS
This is a retrospective single center study from an 
National Cancer Institute- designated comprehensive 
cancer center.

Patients
Cases were identified from the Roswell Park Comprehen-
sive Cancer Center (RPCCC) electronic medical health 
record from January 2016 to January 2020. Patients 
included in this study had an elevated cardiac troponin 
I defined as ≥0.06 ng/mL during ICI therapy. Troponin 
levels were obtained either in the context of routine 
troponin monitoring or otherwise when prompted by 
the patient’s presentation. Patients who were determined 
by clinical assessment without an alternative cause for 
elevated troponin (eg, ischemic heart disease) and had 
a Naranjo Score20 of ‘possible’ to ‘definite’ elevated 
troponin as a result of ICI therapy were included in this 
study.

Troponin and ECG monitoring
The RPCCC Melanoma Program clinicians (IP and MSE) 
implemented a practice of weekly troponin monitoring 
in patients who are initiating ICI treatment, with the 
intention of facilitating early detection and treatment of 

cardiotoxicity. Patients were selected based on physicians’ 
choice. Under this monitoring protocol, patients were 
monitored every week for the first 4–6 weeks following the 
initiation of ICI treatment. Cases with elevated troponin 
were referred to a cardio- oncology team for subsequent 
evaluation. All patients in the study group were assessed 
by ECGs before ICI treatment initiation and after their 
presentation with signs of cardiotoxicity.

Myocarditis subgroups
Patients were considered to have myocarditis if they met 
the criteria proposed in the position statement of the Euro-
pean Society of Cardiology Working group,21 displaying 
either symptomatic troponin elevation or troponin 
elevation with newly abnormal ECG or functional or 
structural abnormalities on cardiac imaging (cardiac 
echocardiogram and cardiac MRI), in the absence of 
angiographically- detected coronary artery disease or 
contributing cardiovascular history. Patients were cate-
gorized as ‘severe’ acute myocarditis if they displayed a 
grade 3–4 toxicity according to criteria adapted from the 
Common Terminology Criteria for Adverse Events V.5.022 
(specific criteria are presented in the online supple-
mental table 1). Patients were categorized as exhibiting 
‘subclinical’ myocarditis if they displayed a persistent 
low- grade troponin elevation not requiring hospitaliza-
tion (grade 2 or less toxicity), in the absence of ischemic 
supply/demand mismatch etiologies, angiographically- 
detected coronary artery disease, contributing cardiovas-
cular history or alternative causes. For more details on 
patient severity scoring and data abstraction, please see 
the Supplementonline supplemental file 1.

Evaluation and treatment of suspected ICI- associated 
myocarditis were driven by the degree of troponin 
elevation and ECG changes. All patients were referred 
to cardio- oncology for consultation, and were assessed 
by repeat ECG, cardiac biomarkers including troponin, 
creatine kinase (CK), CK- MB, B- type natriuretic peptide 
(BNP), echocardiogram. Decision was made to follow as 
outpatient with repeat evaluation in 24 hours or for inpa-
tient management. Patients with high probability of severe 
myocarditis (troponin >5–10×upper limit of normal, low 
suspicion for acute coronary syndrome, ECG changes 
including atrioventricular (AV) block), received 1 g of 
methylprednisolone intravenously in the clinic, prior 
to transfer. Inpatient management included evaluation 
for acute coronary syndrome, cardiac MRI (CMR), and 
further steroid therapy. Once myocarditis was confirmed, 
intravenous steroids (typically 1 g of methylprednisolone 
daily) were continued for 3–5 days followed by conversion 
to a long- term oral steroid taper.

Statistical analysis
Summary statistics were computed, including medians and 
IQRs for continuous variables and percentages for cate-
gorical variables. All analyses included only patients with 
documented myocarditis (n=15). Cardiac parameters at 
presentation were compared using Wilcoxon rank- sum tests 
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for continuous variables and χ2 or Fisher’s exact test, as appro-
priate, for categorical variables. Latency to steroid initiation 
was compared with mortality using a Wilcoxon rank- sum 
test. The prognostic significance of specific biomarkers 
(troponin, BNP, CK, and CK- MB) at symptom onset and 
their relationship with myocarditis- associated mortality were 
first explored using logistic regression models. Cox propor-
tional hazard regression models were then used to calcu-
late the HRs and 95% CIs associated with the risk of 90- day 
myocarditis- associated mortality. Patients were entered 
into the survival analysis at the time of symptom onset for 
myocarditis and were followed for 90 days to determine the 
survival status. We explored the discriminatory ability of 
each biomarker for predicting mortality using area under 
the curve of receiver operating characteristic (ROC) plots. 
The optimal cut point for the ROC plots was identified 
using the Youden’s Index. Kaplan- Meier survival curves and 
log- rank tests were used to assess the association between 
the identified cut points and 90- day myocarditis- associated 
mortality. All statistical tests were two- tailed with a p<0.05 
level of significance and were performed using Microsoft 
Excel 2019 (Microsoft Corporation) and SAS V.9.4 (SAS 
Institute).

RESULTS
We identified a total of 1001 patients who received one 
or more ICIs from January 2016 to January 2020. Among 
all patients treated with ICIs, abnormal troponin eleva-
tion (≥0.06 ng/mL) was identified in 34 patients in the 
context of immunotherapy administration. Of the 34 
patients initially screened, 4 patients were excluded based 
on a lack of temporal relationship between checkpoint 
administration and troponin elevation (greater than 2 
months from the last dose of checkpoint inhibitor to first 
troponin elevation), and 7 patients were excluded due to 
underlying sepsis. Following exclusion, we found evidence 
of probable checkpoint- associated toxicity in 23 patients, 
out of which, 15 patients were determined to have ICI- 
associated myocarditis. Eight patients were determined to 
have other causes for troponin rise, such as acute coro-
nary syndromes and exacerbations of heart failure. Those 
cases are presented in the Supplement under online 
supplemental results. Of the entire cohort of ICI- treated 
patients, 339 (34%) underwent serial troponin measure-
ments with at least two sequential tests.

Patient characteristics
Individual characteristics and case summaries of patients 
with severe myocarditis and subclinical myocarditis are 
presented in online supplemental tables 2–5. Summary 
characteristics of the two cohorts are presented in table 1. 
The most common indications for ICI therapy were 
melanoma (n=9), non- small cell lung cancer (n=3) and 
squamous cell carcinoma (n=2). The most common 
comorbidities were hypertension (93.3%), hyperlipid-
emia (40%), coronary artery disease (33.3%), atrial fibril-
lation (26.6%), history of myocardial infarction (26.6%), 

peripheral vascular disease (20%), history of pulmonary 
embolism (13.3%), chronic kidney disease (13.3%), 
hypothyroidism (13.3%), and diabetes (6.6%).

No statistically significant differences were observed in 
the rates of cardiovascular comorbidities between severe 
and subclinical myocarditis cohorts (table 1). There were 
no statistically significant differences in the rate of use of 
specific ICI agents between the two cohorts (table 1).

Myocarditis presentation
The median time from the initiation of checkpoint therapy 
to presentation of clinical myocarditis was 31 days (IQR 
18.5–116) for patients with severe myocarditis and 51.5 days 
(IQR 37.75–88) in the subclinical myocarditis cohorts, a 
difference that was not statistically significant. Dyspnea was 
the most common symptom in patients in both the severe 
myocarditis (45.5%) and subclinical myocarditis (75%) 
groups (table 1). Chest pain was a less common presenta-
tion, reported in three patients (27.3%) with severe myocar-
ditis (table 1). Other reported signs and symptoms included 
chills, pruritus, bradycardia, myalgia, and peripheral edema 
(online supplemental tables 2 and 4).

Concomitant irAEs occurred in 73% (8/11) of patients 
with severe myocarditis and 75% (3/4) of patients with 
subclinical myocarditis, a difference that was not statisti-
cally significant. Common irAEs included colitis (20%), 
thyroiditis (20%), myasthenia gravis (13.3%), pneumo-
nitis (6.7%), hepatitis (6.7%), pancreatitis (6.7%), and 
optic neuritis (6.7%). There were no statistically signifi-
cant differences in the rates of specific irAEs between the 
severe and subclinical myocarditis cohorts (table 1). There 
is no distinct pattern regarding whether these concomi-
tant irAEs occurred before or after the development of 
myocarditis, with 5 out of 11 patients experiencing other 
irAEs before myocarditis, while the other 6 patients expe-
rienced these irAEs either after or contemporaneously.

Despite similar baseline characteristics in those with 
severe myocarditis versus those with subclinical myocar-
ditis (table 1), there were notable differences in their 
cardiac diagnostics (table 1). Troponin on presentation 
was significantly higher in patients who progressed to 
severe myocarditis (n=11, median 1.52 ng/mL, IQR 0.33–
5.78) than patients with subclinical myocarditis (n=4, 
median 0.15 ng/mL, IQR, 0.10–0.28, p=0.037). CK- MB 
on presentation was also significantly higher in patients 
who progressed to severe myocarditis (n=7, median 
68 ng/mL, IQR 6.9–138) than in patients with subclin-
ical myocarditis (n=4, median 1.8 ng/mL, IQR 1.15–3.05, 
p=0.034). BNP tended to be higher on presentation in 
patients with severe myocarditis (n=11, median 423 pg/
mL, IQR 108–66) than patients with subclinical myocar-
ditis (n=4, median 93 pg/mL, IQR 39–659) but this differ-
ence was not statistically significant (p=0.288) (table 1). 
CK at presentation was also higher in patients with severe 
myocarditis (n=10, median 465 IU/L, IQR 76–1445) than 
in patients with subclinical myocarditis (n=4, median 
54 IU/L, IQR 35–375) but this difference was also not 
statistically significant (p=0.229).
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All patients with severe myocarditis were treated with 
steroids. Patients #1 and #3 were additionally treated with 
ATG while patient #5 was additionally treated with inflix-
imab (figure 1). Patients with subclinical myocarditis were 
treated either by halting immunotherapy and supportive 
care alone, or by halting immunotherapy and initiating 
steroids (figure 1, online supplemental table 4).

Comparison of electrocardiographic, echocardiographic, and 
CMR assessment
All patients in both the severe and subclinical myocarditis 
groups had ECGs available before ICI initiation and after 
their presentation with signs of cardiotoxicity. Eight out 
of 11 patients with severe myocarditis (72.7%) had ECG 
abnormalities on presentation, while no significant ECG 
findings were seen in any of the patients with the subclin-
ical form (p=0.021). The most common ECG abnormal-
ities noted in the severe myocarditis group consisted 
of new AV block (55%) and right bundle branch block 
(36%) (online supplemental table 3). Presentation with 
advanced AV block trended toward an association with 
myocarditis- associated mortality (p=0.088) (table 2). No 

other ECG findings were associated with myocarditis- 
associated mortality (table 2).

Ischemic evaluation with coronary angiography was 
performed in three patients with severe myocarditis, with 
no significant lesions found. No patients with subclinical 
myocarditis underwent ischemic evaluation. Gadolinium- 
enhanced CMR was performed in three patients with 
severe myocarditis with 66% (2/3 patients) demon-
strating diagnostic Lake Louise criteria.23 The equivocal 
MRI of the third case was performed early in the patient’s 
clinical course, which has been associated with non- 
diagnostic findings previously.24 CMR protocol details are 
provided in the online supplemental file 1.

Ten patients in the severe myocarditis and three 
patients in the subclinical myocarditis cohorts had echo-
cardiograms with estimated ejection fractions available 
for comparison. Left ventricular ejection fraction (LVEF) 
was estimated from echocardiograms by modified Simp-
son’s method. Left ventricular systolic dysfunction (LVEF 
≤50%) was seen in 6 out of 10 patients in the severe 
myocarditis group where echocardiograms were available 

Table 1 Clinical characteristics of patients with immune checkpoint inhibitor- associated severe and subclinical myocarditis

Severe myocarditis (n=11) Subclinical myocarditis (n=4) P value

Median age (IQR) 73 (66–79) 73.5 (62.8–80) 0.448

% female 3/11 (27.3) 1/4 (25) 1

% pembrolizumab 5/11 (45.5) 2/4 (50) 1

% nivolumab 5/11 (45.5) 2/4 (50) 1

% atezolizumab 1/11 (9.1) 0/4 (0) 1

Median days to onset (IQR) 31 (18.5–116) 51.5 (37.8–88) 0.180

Median days from previous dose (IQR) 16 (13.5–20.5) 18.5 (4–26.25) 0.397

Mortality from myocarditis 4/11 (36.4%) 0/4 (0%) 0.516

Underlying conditions

  Hypertension 11/11 (100%) 3/4 (75%) 0.267

  Heart failure with reduced ejection fraction 2/11 (18.2%) 1/4 (20%) 1

  Coronary artery disease 3/11 (27.3%) 2/4 (50%) 0.560

  History of myocardial infarction 2/11 (18.2%) 2/4 (50%) 0.275

  Hyperlipidemia 4/11 (36.4%) 2/4 (50%) 1

Concurrent symptoms

  Dyspnea 5/11 (45.5%) 3/4 (75%) 0.569

  Chest pain 3/11 (27.3%) 0/4 (0%) 0.516

  Colitis 1/11 (9%) 2/4 (50%) 0.154

  Myalgia 2/11 (18.2%) 0/4 (0%) 1

  Edema 2/11 (18.2%) 1/4 (25%) 1

Concurrent side effects

  Myasthenia gravis 2/11 (18.2%) 0/4 (0%) 1

  Pneumonitis 0/11 (0%) 1/4 (25%) 0.267

Laboratory studies on presentation

  Troponin 1.52 (0.33–5.78) 0.15 (0.10–0.28) 0.037

  B- type natriuretic peptide 423 (108–664) 93 (39–659) 0.288

  Creatine kinase (CK) 465 (76–1445) 54 (35–375) 0.229

  CK- MB 68 (6.9–138) 1.80 (1.15–3.05) 0.034

Laboratory studies presented as median (IQR) and analyzed using the Wilcoxon rank- sum test.
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and in none of the patients in the subclinical myocarditis 
group (online supplemental tables 3 and 5). There was no 
statistically significant association between reduced LVEF 
and progression to severe myocarditis. There was also no 
statistically significant association between reduced LVEF 
and mortality, with death due to myocarditis occurring in 
2 out of 4 patients (50%) with normal LVEF, while 5 out 
of 6 patients (83%) with reduced LVEF survived.

Troponin monitoring and referral
Three patients with severe myocarditis and one patient 
with subclinical myocarditis were among the 334 patients 
on a weekly troponin monitoring protocol at the time of 
their identified cardiotoxicity. The remaining 11 myocar-
ditis presented with symptoms which prompted troponin 
measurement for cause. Serial troponin monitoring led 
to early initiation of steroids within 6 days of symptom 

Figure 1 Event timelines for patients with ICI- associated severe and subclinical myocarditis. Patient level timelines showing 
the time from symptom onset to death/myocarditis resolution, including all immunosuppressants used in treatment of 
ICI- associated myocarditis. Death in this figure includes death by all causes and exact cause of death is noted. ATG, anti- 
thymocyte globulin; ICI, immune checkpoint inhibitor; INF, infliximab; IV, intravenous steroids; PO, oral steroids.

Table 2 Cardiac parameters among survivors and deceased patients

Survived (n=11) Deceased (n=4)* P value

Laboratory studies on presentation

  Troponin 0.33 (0.11–1.37) 4.8 (3.3–8.9) 0.016

  B- type natriuretic peptide 230 (82–750) 339 (134–564) 1

  CK 74 (32–144) 2541 (876–5676) 0.013

  CK- MB 2.5 (1.5–7.5) 90 (68–242) 0.034

Electrocardiographic

  First- degree AV block 2/11 (18%) 0/4 (0%) 0.491

  Advanced AV block† 1/11 (9%) 3/4 (75%) 0.088

  New Right Bundle Branch Block 1/11 (9%) 2/4 (50%) 0.491

  Non- specific ST/T wave changes 3/11 (27%) 1/4 (25%) 1

Laboratory studies presented as median (IQR) and analyzed using the Wilcoxon rank- sum test.
*Deceased includes patients who died due to myocarditis- related complications within a 90- day window.
†Defined as: second- degree AV block Mobitz type I or II, high- grade AV block and third- degree AV block.
AV, atrioventricular; CK, creatine kinase.
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onset in two severe myocarditis patients. Patients on a 
weekly troponin monitoring protocol (n=4) had signifi-
cantly lower troponins on presentation (median 0.1 ng/
mL, IQR 0.083–0.248 ng/mL) than patients who were 
not (n=11, median 1.52 ng/mL, IQR 0.405–4.8 ng/mL, 
p=0.022). There were no statistically significant differ-
ences in BNP, CK or CK- MB between patients who had 
troponin monitored weekly and those who were not. 
Patients identified on a weekly troponin monitoring 
protocol also had a shorter time to steroid initiation (n=4, 
median 4.5 days, IQR 2.25–6), than patients who were not 
(n=9, median 8 days, IQR 8–20 days, p=0.053). There were 
no deaths among patients who were on a weekly troponin 
monitoring protocol, while there were four deaths due 
to myocarditis among patients who were not monitored 
weekly. However, our analysis did not show a statistically 
significant difference in the rates of mortality between 
patients on troponin monitoring and those who were not.

Prognostic significance of biomarkers
In total, 6 out of 15 (40%) patients with severe myocarditis 
died, 4 of whom died as a direct consequence of myocar-
ditis (figure 1). Patient #1 was recovering from myocar-
ditis when she succumbed to a hemorrhagic stroke, likely 
due to brain metastasis, which were found on autopsy. 
Patient #8 died of respiratory failure from concomitant 
ICI- associated axonal neuropathy. Troponin at onset 
was significantly higher in patients who died of myocar-
ditis, (median 4.8 ng/mL, IQR 3.3–8.9) than survivors 
(median 0.33 ng/mL, IQR 0.11–1.37, p=0.016) (table 2). 
CK at onset was significantly higher in patients who 
died of myocarditis (median 2541 U/L, IQR 876–5676, 
p=0.013) than survivors (median 74 U/L, IQR 32–144) 
(table 2). CK- MB at onset was also significantly higher in 
patients who died of myocarditis (median 90 ng/mL, IQR 
68–242) than in patients who survived (median 2.5 ng/
mL, IQR 1.5–7.5, p=0.034) (table 2). BNP at onset did not 
differ significantly between patients who died of myocar-
ditis (median 339 pg/mL, IQR 134–564) and survivors 
(median 230 pg/mL, IQR 82–750) (table 2).

Univariate logistic regression analysis for predictors of 
myocarditis- associated mortality is shown in table 3. Each 
one unit increase in troponin levels at onset was associ-
ated with a higher odds of death (OR 1.72, 95% CI 0.96 
to 3.06, p=0.067). Higher levels of CK (OR 1.30, 95% CI 
0.91 to 1.85) and CK- MB (OR 1.21, 95% CI 0.93 to 1.56) 
at onset were also associated with significantly higher 
odds of death, but these associations were not statistically 
significant.

Univariate Cox proportional hazard analysis for predic-
tors of 90- day myocarditis- associated mortality are shown 
in table 3. Each one unit increase in troponin (HR 1.47, 
95% CI 1.08 to 2, p=0.014) at onset was significantly asso-
ciated with a higher risk of 90- day myocarditis- associated 
mortality. Higher CK levels (HR 1.05, 95% CI 1.01 to 1.09, 
p=0.025) were also associated with a higher risk of mortality. 
The significant variables were then included in multivariable 
Cox proportional hazard analysis for predictors of mortality. Ta
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Higher troponin at onset was associated with a higher risk 
of 90- day myocarditis- associated mortality (HR 2.55, 95% CI 
0.78 to 8.31) and trended toward significance (p=0.120). 
Likewise, although higher CK at onset appeared to be asso-
ciated with mortality (HR 1.11, 95% CI 0.98 to 1.26) this was 
not statistically significant (p=0.107).

Kaplan- Meier survival curves at 90- day follow- up for 
troponin are shown in figure 2A, with a discriminating 
troponin defined as 3.73 ng/mL (sensitivity: 100%, speci-
ficity: 91%). For CK (figure 2B), a discriminating value of 
1153 U/L (sensitivity: 75%, specificity: 90%) was selected. 
For CK- MB (figure 2C), a discriminating value of 99 ng/
mL (sensitivity: 100%, specificity: 88%) was selected. Each 
discriminating value above was based on the maximized 
Youden’s Index obtained by ROC curves.

Patients with troponin values of ≥3.73 ng/mL exhib-
ited significantly increased risk of myocarditis- associated 
death at 90- day follow- up (HR 10.34, 95% CI 1.07 to 100, 
p=0.044). A trend toward higher likelihood of death at 
90- day follow- up occurred with CK values ≥1153 U/L (HR 
4.26, 95% CI 0.60 to 30 p=0.115) and CK- MB values ≥99 ng/
mL (HR 5.18, 95% CI 0.70 to 38.2, p=0.106), however 
these associations were not statistically significant.

Overall 90- day survival and all- cause mortality between 
severe ICI- associated myocarditis, ICI- associated subclin-
ical myocarditis, and other ICI- associated cardiotoxicity 
groups were obtained through Kaplan- Meier and log- 
rank testing. The median survival for severe myocarditis 
patients was 75 days, with no statistically significant associ-
ation between the three groups and 90- day overall survival 
(p=0.180) (figure 3).

DISCUSSION
Our study supports the role of proactive outpatient 
surveillance for early detection of ICI- associated 
myocarditis. Since no strongly predictive risk factors for 

ICI- associated myocarditis have yet been identified in 
the literature, we implemented serial troponin measure-
ments for the first 6 weeks in patients treated with ICI. 
The results from this practice suggest reduced severity of 
disease and earlier treatment in patients so monitored. 
We found that patients who were monitored using serial 
weekly troponins had lower troponins on presentation 
and received steroid therapy more quickly compared with 
patients who were not monitored. Serial monitoring with 
weekly troponin allowed for earlier detection of myocar-
ditis in three of our cases, all of which exhibited halted 
disease progression, normalization of cardiac biomarkers 
and improvement of left ventricular (LV) function on 
steroid treatment.

Among the biomarkers available, troponin I was the 
most reliable and early predictor of both progression to 

Figure 2 Kaplan- Meier for cardiac biomarkers at onset and 90- day mortality. Each breakpoint was determined based on the 
maximized Youden’s Index obtained by receiver operating characteristic curves. (A) Kaplan- Meier of the relationship between 
troponin ≥3.73 ng/mL and 90- day myocarditis- associated mortality. Troponin elevation ≥3.73 ng/mL was associated with a 
statistically significantly increased risk of mortality (HR 10.34, 95% CI 1.07 to 100, p=0.044). (B) Kaplan- Meier of the relationship 
between creatine kinase (CK) at onset of ≥1153 IU/L and 90- day myocarditis- associated mortality. CK elevation of ≥1153 
IU/L was associated with an increased risk of mortality (HR 4.26, 95% CI 0.60 to 30, p=0.115) but this relationship was not 
statistically significant. (C) Kaplan- Meier of the relationship between CK- MB at onset of ≥99 ng/mL and 90- day myocarditis- 
associated mortality. CK- MB elevation of ≥99 ng/mL was associated with an increased risk of mortality (HR 5.18, 95% CI 0.70 to 
38, p=0.106), but this relationship was not statistically significant.

Figure 3 Ninety- day survival of patients with severe 
myocarditis (1), subclinical myocarditis (2), and other 
cardiotoxicities (3). Ninety- day survival did not significantly 
differ between the three groups of immune checkpoint 
inhibitor- associated toxicities.
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severe myocarditis and mortality. CK- MB on presentation 
was also found to be a reliable predictor of progression 
to severe myocarditis and mortality. CK on presentation 
was significantly correlated with myocarditis- associated 
death. BNP was not found to correlate significantly with 
adverse outcomes of progression to severe myocarditis 
or myocarditis- associated death, although these values 
tended to be higher in patients with more severe presen-
tations. Our findings also corroborate the observation 
of ICI- associated subclinical myocarditis, which presents 
with lower cardiac biomarkers and a milder, shorter 
course.19

In addition, our study supports the role of prompt 
troponin and ECG evaluation of patients presenting 
with cardiac symptoms. Our experience also suggests 
consideration for cardiac evaluation in patients with 
myasthenia gravis, myositis, and other systemic irAEs, as 
these conditions were closely associated with myocarditis 
in our patient population. If severe myocarditis from ICI 
therapy is suspected, a multidisciplinary approach should 
be promptly implemented, and ICI therapy should be 
suspended until the cause of the troponin elevation is 
determined by the multidisciplinary team. Our recom-
mended initial diagnostics for these patients include an 
expedited 12- lead ECG and echocardiographic assess-
ment of LV function, followed by consideration for angi-
ography or myocardial perfusion to exclude coronary 
artery disease. CMR should be pursued when available, as 
this is the best means of detecting myocardial inflamma-
tion associated with myocarditis.23 In our study, the diag-
nosis of clinically suspected myocarditis was defined as per 
Caforio et al,21 which takes into consideration the clinical 
as well as biochemical and ECG changes and relies less 
on invasive or imaging studies.23 CMR may be equivocal 
and in one of our cases, the patient had a negative CMR 
despite a clinical syndrome consistent with myocarditis 
early in his course. In cases of a non- diagnostic CMR but 
strong clinical suspicion for ICI myocarditis, endomyocar-
dial biopsy or traditional positron emission tomography 
fluorodeoxyglucose may have a role.25 It is also important 
to note that patients with fulminant myocarditis often 
require ICU care and may not be suitable candidates for 
these imaging protocols.

Once ICI- associated myocarditis is confirmed, high 
dose steroids should be implemented without delay. Early 
use of high dose steroid therapy is crucial in all cases 
of ICI- associated myocarditis, and their use should be 
continued until troponin normalizes, ECG abnormalities 
subside, and LV systolic function improves. Serial surveil-
lance imaging (echocardiography and CMR) is useful to 
determine the extent of myocardial damage and poten-
tial reversibility. Clinical deterioration and progression 
despite high dose corticosteroid therapy should prompt 
consideration and use of additional immunosuppressants.

The decision to restart ICIs in patients with ICI- associated 
myocarditis is a difficult question that has not been well 
studied. At present, the American Society of Clinical 
Oncology guideline recommends permanent cessation 

with grade 1 toxicity (abnormal cardiac biomarker testing 
including ECG),26 while some centers have proposed a 
cautious reinitiation of ICI therapy with or without low 
dose steroids.27 In our study, two patients with subclin-
ical myocarditis (grade 1 toxicity) were re- introduced to 
immunotherapy following normalization of their cardiac 
parameters. In one case the troponin elevation returned, 
and ICI therapy was discontinued permanently. In the 
other case, reinitiation did not result in recurrence of 
cardiotoxicity. No patients in the severe myocarditis 
cohort were restarted on ICI therapy, as reinitiation was 
deemed to carry too high a risk of cardiac re- injury. A 
clinical algorithm for the assessment and management of 
ICI- treated patients with troponin elevations is presented 
in figure 4 based on our clinical experience but requires 
further validation.

The relationship between irAEs and ICI efficacy 
remains controversial.22 28–30 A large re- analysis of one ICI 
clinical trial involving over 1000 patients with melanoma 
reported that patients with a robust immune activation 
and many irAEs had longer progression- free survival 
times than comparable patients without irAEs.31 Addi-
tionally, a previous case report of two patients with mela-
noma who developed fulminant myocarditis revealed that 
T- cell clones infiltrating the myocardium were identical 
to those present in tumors,32 providing insights into the 
overlapping mechanisms of irAEs and the therapeutic 
effects of ICI treatment. Future studies, including a 
comprehensive analysis of immune signatures in the 
heart, tumors and circulating immune cells are required 
to better understand the mechanism of cardiac irAEs, 
cancer progression and its association with activation of 
the immune system.

Limitations
Due to the relative rarity of ICI- associated myocar-
ditis, our data are limited by the small sample size and 
lack of power to demonstrate significance in secondary 
analyses. Although we recommend baseline followed by 
weekly troponin monitoring at ICI initiation, we did not 
establish this recommendation with a randomized study, 
hence the significance of its association with myocarditis 
outcomes may be questioned. Although our study lacked 
these advantages, the data we report shows that earlier 
detection for ICI- associated myocarditis results in less ICI- 
associated myocarditis mortality. In the future, detailed 
investigations of early intervention should use larger, 
multicenter data to better establish the role of steroid 
timing and dose on patient outcomes.

CONCLUSIONS
Treatment with ICIs is associated with a spectrum of 
cardiotoxicities, including myocarditis, that range from 
subclinical to a severe form. In our study cohort, higher 
values of troponin and evidence of advanced conduc-
tion disease on ECG at presentation were associated with 
greater disease severity and mortality from ICI- associated 
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myocarditis. Accordingly, a focus in ICI- treated patients 
that includes early detection of myocarditis, prompt 
cardio- oncology evaluation to rule out other etiologies, 
and expedited steroid treatment appears to provide a 
reduction in the risk of progression to fulminant and 
potentially lethal outcomes. Baseline and serial troponin 
measurements may contribute to the crucial step of early 
detection.
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Online Supplement 

 

Supplemental Methods 

Severity Scoring of Immune-related Adverse Events  

 

All immune-related adverse events (irAEs) were scored by severity using CTCAE guidelines. CTCAE scoring was refined using criteria developed in American Society of Clinical Oncology (ASCO) Clinical 

Practice Guidelines (25). A baseline score of 0 was assigned on the day prior to irAE diagnosis. Following irAE detection, a daily score was assigned. Unresolved irAEs were held at a constant value reflecting 

long-term severity, whereas resolved irAEs were scored as zero to indicate the return to baseline. For ICI-related myocarditis, daily scoring ranged from 0-5 based on CTCAE criteria (Supplementary Table 1): 

 

Online Table 1. Criteria for Myocarditis Severity Scoring 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Abstraction 

 

Data such as signs and symptoms, serial cardiac biomarkers, electrocardiographic parameters and parameters obtained from cardiac imaging were collected for all 23 patients identified with checkpoint associated 

cardiotoxicity. In addition, data on covariates such as demographic characteristics, cancer diagnosis and staging, ICI administrations, concurrent irAEs, past medical history, steroid use and dosages, and treatment outcomes 

were collected. Cardiac biomarkers on admission, such as admission troponin, were determined from the first measured value on the date of clinically suspected myocarditis or subclinical myocarditis. Outcomes such as 

Myocarditis 

Severity 

Grade Criteria 

0 No clinical or laboratory signs of myocarditis 

1 Troponin elevation above normal baseline, without clinical symptoms (e. g. angina, dyspnea, etc.) 

2 Troponin elevation with clinical symptoms but not requiring patient hospitalization 

3 Troponin elevation with clinical symptoms requiring hospitalization (NOT requiring intensive 

care unit level of care); abnormal cardiovascular diagnostic studies (echocardiography showing 

reduction in LV function or wall motion abnormalities; abnormal cardiac MRI) 

4 Deterioration of Grade 3 clinical status or requirement for ICU level of care for cardiac symptoms 

with evidence of decreased cardiac output (cardiogenic shock) or arrhythmia 

5 Death of the patient refractory to medical therapy 
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death, time until death, time until myocarditis resolution, were also collected. Myocarditis severity was scored on a scale of 0 to 5, as mentioned previously. Information was collected about the troponin monitoring protocol 

utilized by clinicians. 

 

Cardiac MRI Protocol 

 

 

Cardiac MRI’s were obtained using a GE 1.5-T scanner with technical parameters recommended by the manufacturer. Scout images in coronal, sagittal and axial planes and fast spin-echo (FSE) axial slices were obtained.  

Steady-state free precession (SSFP) sequences were employed to obtain short-axis and two, three, and four-chamber images. Additionally, T2-weighted triple-inversion recovery images and T1-weighted FSE sequence before 

and after intravenous (IV) gadolinium injection (Omniscan 0.1 mmol/kg), and delayed enhanced images 7–10 minutes after gadolinium injection were obtained. Cardiac function was performed by using Segment version 3.1 

R8123 

 

Immunological Methods 

 

One patient (#17), whose troponin rose to 0.46 ng/mL after the second dose of ICI, was consented and enrolled into a mechanistic study of immune response to ICI therapy. Peripheral blood mononuclear cell 

(PBMC) samples were obtained before treatment and every 4 weeks during therapy, resulting in a total of three samples for this patient who received two doses of anti-PD-1 therapy.  

 

To gain mechanistic insight into cardiac toxicity and response to ICI therapy, we evaluated the changes in the frequency of circulating CX3CR1+ CD8+ T cells, which was recently found to correlate with response 

to ICI therapy in preclinical models and patients (1). PBMC samples were evaluated for expression of CX3CR1 in peripheral CD8+ T cells by flow cytometry. For phenotypic analysis of peripheral blood derived 

T cells, cryopreserved PBMC samples were stained with master mix of antibodies for surface stains including CD3 (UCHT1, BD Biosciences), CD4 (SK3, BD Biosciences), CD8 (RPA-T8, eBioscience), and, 

CX3CR1 (2A9-1, Biolegend). Samples were acquired using LSRFortessa (BD Biosciences) and data analyzed with FlowJo software v10.1.5 (TreeStar).  
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Supplemental Results 

Immune System Biomarkers 

 

We evaluated changes in the frequency of CX3CR1+ CD8+ T cells in longitudinally obtained blood samples from patient #17.  In this patient, the frequency of PBMC CX3CR1+ CD8+ T cells markedly decreased 

from the pre-treatment baseline (Supplemental Figure 1A), suggesting no response to ICI therapy. The patient developed extensive hyper-progressive disease 8 weeks following initiation of ICI therapy that was 

refractory to IV steroids, with a mild elevation of troponin presumptively due to cardiac strain (Supplemental Figure 1C).  

 

In previous studies, we have observed a correlation between the frequency of PBMC derived CD8+ T cells expressing CX3CR1, a marker of T-cell differentiation (2, 3) and response to ICI therapy in preclinical 

models and patients (1). Here, we used the CX3CR1 score in identifying a non-responder (patient #17) with a troponin rise unrelated to ICI myocarditis. This patient’s sharp decrease of CX3CR1 score, extensive 

hepatopulmonary cancer progression, and steroid-refractory serologic end-organ damage together suggested their mild elevation of troponin and right bundle branch block was caused by cardiac strain rather than 

initially suspected ICI-related pneumonitis or myocarditis. 

Case Reports: Severe Myocarditis (Grade 3-4) 

 

Summaries of severe myocarditis cases are presented in Supplementary Table 2. Cardiac parameters for severe myocarditis patients are presented in Supplementary Table 3.  
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Online Table 2. Patient Case Summary for ICI-related Severe Myocarditis Patients 

Patient Gender PMH Cancer 

Checkpoint 

Inhibitor 

Number 

of doses 

Time 

from ICI 

Initiation 

Time 

from 

previous 

dose 

Symptoms 

and Signs 

Other 

Side Effects 

Time to 

initiation of 

steroids from 

symptom onset Treatment 

Treatment 

Outcome 

Days 

to 

death 

Cause of 

Death 

1 F 

HTN, Valvular 

Disease, Prior 

PE 

Cutaneous 

Squamous 

Cell 

Carcinoma, 

Stage IV 

Nivolumab + 

cimiVAX 1 7 days 7 days 

Dyspnea, 

Edema, 

Bradycardia, 

Reduced EF  6 days 

oral prednisone then 

ATG 

Myocarditis 

resolving 

when patient 

expired due to 

other causes 22 

hemorrhagic 

stroke 

2 F 

HTN, CAD, 

CKD, 

Hypothyroidism 

Melanoma, 

Stage IV 

ipilimumab + 

nivolumab 1 16 days 16 days 

Chills, 

Pruritus, 

Diastolic 

Heart Failure 

Acute Kidney 

Injury, 

Rhabdomyolysis,  8 days 

IV 

methylprednisolone, 

oral prednisone death 15 Myocarditis –  

3 M 

HTN, 

Hyperlipidemia, 

A flutter/A fib, 

Type 2 DM 

Melanoma, 

Stage III-C pembrolizumab 2 31 days 10 days 

Chest pain, 

Dyspnea, 

Myalgia  21 days 

oral prednisone then 

ATG death 30 Myocarditis – 

4 M HTN 

Melanoma, 

Stage IV pembrolizumab 1 21 days 21 days 

Myalgia, 

Dyspnea 

Hepatitis, 

Myasthenia 

Gravis, 

Pancreatitis, 

Thyroiditis 8 days 

IV 

methylprednisolone, 

oral prednisone with 

mycophenolate for 

myasthenia gravis 

Myocarditis 

resolved    

5 M 

HTN, HFpEF, 

CAD, prior MI, 

h/o triple bypass, 

PVD, A flutter, 

Hyperlipidemia 

Melanoma, 

Stage IV nivolumab 3 42 days 14 days 

Bradycardia, 

Chest Pain,  Optic Neuritis  6 days 

IV 

methylprednisolone, 

infliximab, then oral 

prednisone 

Myocarditis 

resolved    

6 M HTN 

Non-small 

Cell Lung 

Cancer, 

Stage IIIA pembrolizumab 1 30 days 30 days 

Dyspnea, 

Fatigue, 

Edema limbs, 

Bradycardia 

Myasthenia 

Gravis,  20 days oral prednisone  death 37 Myocarditis – 

 7 M 

HTN, 

Hyperlipidemia, 

A. fib, HFrEF, 

prior MI, CAD, 

CABG, AICD 

implant, Basal 

cell carcinoma 

and Non-

Hodgkin’s 
lymphoma 

Melanoma, 

Stage IV 

Ipilmumab + 

nivolumab 5 94 days 17 days 

Hypotension, 

Atrial 

fibrillation 

with RVR 

Thyroiditis, 

Colitis, DVT  

IV 

methylprednisolone, 

the oral prednisone 

Myocarditis 

resolved   

8 M HTN 

Head & 

Neck 

Squamous 

Cell 

Carcinoma, 

Stage IV-C pembrolizumab 6 139 days 20 days 

Heart failure, 

NSTEMI Neuropathy,  23 days 

IV 

methylprednisolone, 

the oral prednisone 

Myocarditis 

resolved 75 

ICI related 

axonal 

neuropathy and 

respiratory 

failure 

9 F 

HTN, CKD, 

smoker 

Urothelial 

Cancer Stage 

IV atezolizumab 4 138 days 48 days Rash Encephalitis, 1 day 

IV 

methylprednisolone, 

then oral prednisone 

Myocarditis 

resolved    
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10  M 

HTN, A fib, 

COPD, 

Peripheral 

Vascular 

Disease, Obesity 

Non-small 

Cell Lung 

Cancer, 

Stage IV pembrolizumab 1 13 days 13 days 

Dyspnea, 

Heart failure, 

NSTEMI,    3 days 

IV 

methylprednisolone, 

then oral prednisone death 11 

Myocarditis – 

cardiac arrest 

11  M 

HTN, 

Hyperlipidemia, 

Type 2 DM, 

COPD 

Melanoma 

IIIC 

Nivolumab + 

ipilimumab 6 147 days 14 days 

Chest pain, 

fatigue, fever Thyroiditis 9 days 

IV 

methylprednisolone, 

then oral prednisone 

Myocarditis 

resolved   
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Online Table 3. Cardiac Parameters for ICI-treated Severe Myocarditis Patients 
 

 

 

 

 

Patient #1 was a female in his mid 60’s with stage IV squamous cell carcinoma on an experimental treatment of nivolumab with cimiVAX. Seven days after this first dose of nivolumab, the patient began 

experiencing dyspnea and bradycardia. Two days later the patient presented and was found to have an elevated troponin of 0.11 ng/mL and a severely reduced EF from a baseline of 50% to 25%. The patient was 

Patient 

Troponin 

at 

Onset 

(ng/mL) 

Max of 

Troponin 

(ng/mL) 

Max of 

BNP 

(pg/mL) 

Max of 

CK 

(IU/L) 

Max of 

CK-MB 

(ng/ml) 

Max of 

myoglobin 

(mg/dL) ECG Findings 

LVEF 

% Outcome 

1 0.11 0.83 1047 85 7.6  

1st AV block, ST 

deviation and moderate T 

wave abnormality 25 
Death due to hemorrhagic 

stroke 

2 2.85 65.02 612 8421 379 24000 

1st AV block, progressing 

to 3rd AV block  
Death due to Myocarditis 

–  

3 5.78 5.78 151 998 104.4 10374 

h/o RBBB, 1st degree AV 

block at baseline → ST 

depression in anterolateral 

leads, → 2nd degree AV 

block → 3rd degree AV 

block 70 
Death due to Myocarditis 

–  

4 1.37 1.37 82 1681 171.9 4.69 RBBB 55  Survived 

5 0.66 1.86  190   

2nd AV block, T wave 

abnormalities  31  Survived 

6 3.82 8.3 367 6124 99.1 2971 

RBBB → LBBB, 3rd AV 

block → 2nd AV block→ 

normal 62.9 
Death due to Myocarditis 

–  

7  0.12 1.05 2593 144 11.2  No significant findings 31 Survived 

8 7.61 7.61 108 99   

Non specific T wave 

changes 35 

Death due to ICI related 

axonal neuropathy and 

respiratory failure 

9 1.52 1.52 3998 29 2.2  No significant findings 22 Survived 

10 12.12 20.54 9942 787 75 1651 

RBBB, Atrial Fibrillation, 

NSTEMI, left axis 

deviation 35 

Death due to myocarditis 

– cardiac arrest 

11 0.31 0.44 750 26  67 

1st AV block at baseline, 

non specific ST/T wave 

abnormality 60 Survived  
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treated with a total of 8 doses of methylprednisolone 1 g IV. Three doses were administered to the patient on presentation. The patient was then converted to oral steroids, with troponin rising back to 0.19 ng/mL, 

and therefore methylprednisolone IV was restarted from days 14-18 for another 5 doses. The patient continued to exhibit signs of active myocarditis and was therefore trialed on two doses of ATG 125mg IV 

before succumbing unexpectedly to a hemorrhagic stroke that was probably caused by a metastatic lesion. 

 

Patient #2 was a female in her early 80’s with stage IV melanoma treated with combination ipilimumab and nivolumab. Sixteen days after receiving her first dose of combination immunotherapy, she began 

experiencing shortness of breath, pruritis, and intermittent low-grade fever. Seven days after symptom onset the patient presented and was found to have an elevated troponin of 2.85 ng/mL, complete heart block, 

rhabdomyolysis, acute on chronic renal failure, VTE and bilateral pulmonary embolism.  She was given her first dose of 1 g methylprednisolone IV 8 days after symptom onset. Troponin continued to rise to a 

peak of 65 ng/mL even though she received daily doses of methylprednisolone 1 g IV.  Tacrolimus was also added in a futile attempt to control the progression of myocarditis.  The patient declined to be intubated 

and expired due to complications of myocarditis on day 15 after myocarditis onset.  

 

Patient #3 was a male in his late 80’s with stage IIIC melanoma who received two doses of pembrolizumab. Ten days after receiving his second dose, the patient began experiencing acute chest pain and myalgia. 

The patient was only discovered to have myocarditis 21 days after the onset of these symptoms, when a significant troponin elevation of 5.78 ng/mL and AV block were found. The patient then received 

methylprednisolone 1 g IV daily for 6 days, followed by oral steroids. When the patient failed to exhibit satisfactory response to treatment, four doses of ATG 125 mg IV, in addition to oral steroids, were 

administered. The patient developed staphylococcal sepsis, with multi-organ failure, and succumbed to complications of myocarditis and its treatment 10 days after their myocarditis was discovered, 31 days from 

onset.  

 

Patient #4 was a male in his early 60’s with stage IV melanoma. The patient began experiencing dyspnea and myalgia 21 days after receiving his first dose of pembrolizumab. The patient was discovered to have 

myocarditis 8 days after first exhibiting symptoms, with a significant troponin elevation of 1.37 ng/mL and right bundle branch block on ECG. The patient received 3 doses of methylprednisolone 1 g IV starting 

that day and continuing until day 10. The patient was then converted to a high dose oral prednisone taper, starting at prednisone 120 mg twice daily, with good response, as evidenced by a normalization of 

troponin down to 0.06 ng/mL by day 14. However, the patient continued to exhibit right bundle branch block for two months after onset and was continued on a prolonged oral steroid taper for 79 days. The 

patient exhibited multiple concurrent ICI-related toxicities including hepatitis, pancreatitis, thyroiditis, and myasthenia gravis, for which he was treated with five doses of immunoglobulin IV and a prolonged 

taper of oral pyridostigmine. The patient was also treated with oral mycophenolate mofetil for autoimmune hepatitis.  

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) J Immunother Cancer

 doi: 10.1136/jitc-2021-002553:e002553. 9 2021;J Immunother Cancer, et al. Puzanov I



8 

 

 

Patient #5 was a male in his late 60’s with stage IV melanoma and a past medical history of chronic heart failure, significant coronary artery disease with triple bypass, and dilated cardiomyopathy. The patient 

began experiencing chest pain 14 days after receiving his third dose of nivolumab. Five days after the onset of chest pain, the patient was discovered to have myocarditis by cardiac MRI, when he exhibited a 

mildly elevated troponin of 0.66 ng/mL and new onset 2nd degree AV block. The patient also suffered an MI during his presentation with myocarditis, with negative catheterization and had new onset atrial flutter.  

Notably, this patient did not receive high dose IV steroids early in their treatment, instead receiving a high dose oral steroid taper starting at prednisone 160mg twice daily on the day his troponin elevation was 

discovered. This patient exhibited poor response to oral steroids and had a prolonged course of troponin elevation, which peaked 29 days after symptom onset at 1.86 ng/mL and continued for a total of 91 days 

after symptom onset. The patient eventually received two doses of methylprednisolone 1g IV at days 29 and 81. Patient 5 was received a trial of infliximab IV on day 86 and continued to receive steroids for 

concomitant ICI-related optic neuritis as well. Ejection fraction recovered to 56% 71 days after onset of myocarditis, but troponin remained persistently elevated for 263 days following symptom onset, with 

concurrent exacerbations of chronic heart failure.  

 

Patient #6 was a male in his early 70’s with stage IIIA non-small cell lung cancer treated with pembrolizumab. The patient developed fatigue, dyspnea, edema and muscle weakness 30 days after receiving his 

first dose of pembrolizumab.  The patient was discovered to have myocarditis and myasthenia gravis 3 days after onset of symptoms, when he presented with an elevated troponin of 3.82 ng/mL and new onset 

2nd degree AV block which progressed to complete heart block and alternating left and right bundle branch blocks. This case occurred in early 2016 when clinical experience with ICI-related myocarditis was 

limited. The patient received 1 dose of oral prednisone 80 mg on the day he presented, and two subsequent doses of prednisone 60 mg for concurrent ICI-related myasthenia gravis on days 19 and 20. The patient 

was treated with a pacemaker with improvement in symptoms. The patient received plasmapheresis three times in conjunction with immunoglobulin IV therapy over 6 days.  The patient died 27 days after 

symptom onset from complications of myocarditis and acute myasthenic crisis.  

 

Patient #7 was a male in his late 70’s with stage IV melanoma who received combination ipilimumab and nivolumab. The patient began experiencing hypotension and atrial fibrillation with RVR 17 days after 

receiving his fifth dose of combination immunotherapy. The patient was found to have a troponin elevation of 0.12 ng/mL when he presented to the hospital with acute coronary syndrome with concurrent atrial 

fibrillation. Elevation in troponin was attributed to acute on chronic ischemia heart disease as this patient had a significant history of heart failure with reduced EF (33%), two prior MI’s, 6 vessel coronary artery 

bypass, and atrial fibrillation. Of note, this patient received 10 doses of methylprednisolone 40 mg IV every 12 hours for 5 days for severe ICI-related colitis, starting 1 day prior to his presentation with ACS. 

The patient was subsequently converted to oral prednisone taper starting at 70 mg twice daily. The patient also received amiodarone for tachyarrhythmia and a watchman implant for atrial fibrillation. This patient 
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experienced a prolonged elevation in troponin lasting for 107 days after his presentation with ACS, peaking at 1.05 ng/mL at day 33. Importantly, this patient’s troponin was normal at baseline with multiple 

readings of 0.05 ng/mL before initiating and while receiving ICI therapy. Immunotherapy was permanently discontinued due to risk of further decompensation of the patient’s condition. Patient also experienced 

other irAEs, including ICI-related thyroiditis requiring levothyroxine, and severe colitis.  

 

Patient #8 was a male in his early 60’s with stage IVC squamous cell carcinoma of the head and neck. The patient experienced an NSTEMI 20 days after his 6th dose of pembrolizumab and was subsequently 

determined to have probable ICI-related myocarditis 9 days after this event, with persistent troponin elevation of 0.18 ng/mL and decreased LVEF of 35% on echo. The patient was then given 5 doses of 

methylprednisolone 1 g IV over the course of days 10-14 after symptom onset, before conversion to oral prednisone 60 mg daily, which he received from days 15-22. Unfortunately, the full course of this patient’s 

treatment is unknown because he was transferred to hospice care, but the patient did expire 75 days after symptom onset due to respiratory failure, possibly secondary to ICI-related axonal sensorimotor 

polyneuropathy.  

 

Patient #9 was a female in her early 70’s with stage IV urothelial cancer, who was treated with 4 doses of atezolizumab. The patient presented 48 days after receiving her last dose with elevated troponin of 1.52 

ng/mL, reduced LVEF of 22% from their baseline of 55% and acute MI on ECG with no previous history of cardiovascular disease.  At the time of presentation, there were no apparent symptoms of myocarditis. 

The patient exhibited concomitant ICI-related encephalitis for which they received methylprednisolone 40 mg IV every 6 hours from days 1-9 after diagnosis of suspected myocarditis. This patient exhibited rapid 

normalization of LVEF, rising back to 65% 11 days after diagnosis but was continued on a prolonged oral prednisone taper for 42 days after symptom onset.  

 

Patient #10 was a male in his mid-70’s with stage IV non-small cell lung cancer and a past medical history of atrial fibrillation, lymphedema, and COPD.  He began experiencing dyspnea 13 days after his first 

dose of pembrolizumab. The patient was hospitalized one day later when he was found to have an NSTEMI and an elevated troponin of 12.12 ng/mL with a LVEF of 35% on echocardiography. A coronary 

angiogram was negative for ischemia. The patient was started on that day with methylprednisolone 1 g IV. The patient was then briefly converted to methylprednisolone 60 mg every 8 hours, however, his 

troponin remained elevated at 12.3 ng/mL. The patient was given another dose of methylprednisolone 1 g IV, 6 days after myocarditis onset, and then discharged on oral prednisone taper starting at 80 mg daily.  

The patient was readmitted the next day for worsening symptoms and was found to have new heart failure with LVEF of 35%. The patient received two more doses of methylprednisolone 1 g IV. During his 

second hospitalization, he began to develop runs of ventricular tachycardia, which became sustained. He expired in hospital two days after admission due to cardiac complications of myocarditis. 
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Patient #11 was a male in his early 80’s with stage IIIC melanoma, treated with 6 doses of combination immunotherapy with ipilimumab and nivolumab. The patient began experiencing chest pain, two weeks 

after his 6th dose of combination immunotherapy. The patient presented 9 days later and was found to have an elevated troponin of 0.31 ng/mL and a peak troponin elevation of 0.44, as well as 1st degree AV 

block on ECG. He was given methylprednisolone 1 g IV daily for 3 days, with a fall in troponin to 0.19 ng/mL.  The patient was subsequently discharged 12 days after myocarditis onset on oral prednisone 80 

mg daily. He returned to this outpatient cancer clinic on day 16 and was found to have normalization of troponin back down to 0.02 ng/mL.  

 

Case Reports: Mild Subclinical Myocarditis (Grade 0-2) 

 

Summaries of individual subclinical myocarditis cases are presented in Supplementary Table 4. Cardiac parameters for subclinical myocarditis patients are presented in Supplementary Table 5.  

 

Online Table 4. Patient Case Summary for ICI-related Subclinical Myocarditis Patients 

Patient Gender PMH Cancer 

Checkpoint 

inhibitor 

Number 

of doses 

Time from 

ICI 

Initiation 

Time from 

previous 

dose 

Symptoms 

and Signs e Effects 

Time to 

initiation of 

steroids from 

symptom 

onset Treatment 

Immunotherapy re-

initiated? 

12 M 

CAD, Prior MI, 

Prior PE, HTN, A 

fib, pacemaker 

Melanoma, Stage 

IV pembrolizumab 2 60 days 39 days Dyspnea Colitis 

IV 

methylprednisolone, 

oral prednisone No 

13 M 

prior MI ,CAD, 

HFrEF, PVD, 

HTN, A fib, 

Hyperlipidemia, 

COPD Melanoma pembrolizumab  1 22 days 22 days Asymptomatic Colitis 

Immunotherapy 

discontinued, no 

steroids No 

14 F  None 

Non-small Cell 

Lung Cancer 

nivolumab + 

cabiralizumab 3 43 days 15 days 

Dyspnea, 

Edema,  

IV 

methylprednisolone, 

oral prednisone 

Re-initiated 1 and a half 

years later 

 15 M 

HTN, 

Hyperlipidemia, 

hypothyroidism, 

Gout, BPH 

Melanoma, Stage 

IV 

nivolumab + 

NKTR-214 (IL-2 

prodrug) 9 172 days 4 days Dyspnea, 

Pneumonitis, 

Stroke 

Immunotherapy 

discontinued, no 

steroids  No 
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Online Table 5. Cardiac Parameters for ICI-treated Subclinical Myocarditis Patients 

Patient 

Troponin 

at 

Onset 

(ng/mL) 

Max of 

Troponin 

(ng/mL) 

Max of 

BNP 

(pg/mL) 

Max of 

CK 

(IU/L) 

Max of 

CK-MB 

(ng/ml) ECG Findings LVEF % Outcome 

12 0.09 0.15 129 32 1.1 

T wave abnormalities, 

Baseline 1st degree AV 

block and left anterior 

hemiblock   Survived 

13 0.11 0.15 1189 37 2.4 

Borderline repolarization 

abnormality and ST 

depression at baseline 70 Survived 

14 0.37 0.37 57 699 1.3 No significant findings 55 Survived 

15 0.19 0.77 20 71 5.1 No significant findings 65 Survived 

 

Patient #12 was a male in his late 70’s with stage IV melanoma with a past medical history of coronary artery disease, atrial fibrillation with pacemaker implantation, and prior MI and PE. Thirty-nine days after 

receiving his second dose of pembrolizumab, the patient began experiencing dyspnea.  The next day the patient presented for routine weekly troponin monitoring and was suspected of having myocarditis with 

elevated troponin of 0.14 ng/mL. Notably this patient was already taking oral prednisone 50 mg daily for colitis when cardiotoxicity manifested. The patient was treated with 2 doses of methylprednisolone 100 

mg twice daily IV for one day and then converted to a higher oral prednisone dose for suspected myocarditis, up to prednisone 60 mg twice daily which was tapered over a month-long period.  The patient’s 

troponin normalized 9 days after the onset back down to 0.06 ng/mL.  

 

Patient #13 was a male in his late 80’s with melanoma and a significant past medical history of heart failure with reduced ejection fraction, atrial fibrillation, coronary artery disease, prior MI, atrial fibrillation 

and COPD. The patient was asymptomatic but found to have a slightly elevated troponin of 0.11 ng/mL, 22 days after his first dose of pembrolizumab, which persisted for 12 days, but there were no concurrent 

ECG or echocardiographic changes. Pembrolizumab was held until troponin normalized, however the administration of the second dose resulted in another elevated troponin reading of 0.15 ng/mL, after which 

immunotherapy was permanently discontinued. The patient’s myocarditis subsequently resolved.  
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Patient #14 was a female in her late 40’s with non-small cell lung cancer treated with nivolumab + cabiralizumab and no other significant past medical history. The patient began experiencing dyspnea and edema 

15 days after receiving her third dose of this combination. The patient was diagnosed with suspected myocarditis 7 days after the onset of symptoms when she was found to have an elevated troponin of 0.37 

ng/mL. This troponin elevation persisted for 14 days after onset, with no accompanying ECG or echocardiographic changes. Immunotherapy was withheld and the patient received 6 doses of methylprednisolone 

100 mg IV twice daily for 3 days and was subsequently converted to a high dose oral prednisone taper starting at 100mg twice daily for approximately two months, with resolution of troponin elevation and 

accompanying symptoms. Because the patient showed clinical progression on CT, immunotherapy was withdrawn.  The patient was successfully stabilized on oral cabozantinib. Approximately 1.5 years after 

this incident, the patient was successfully restarted on combination immunotherapy with ipilimumab and nivolumab without cardiotoxicity. However, after 6 doses the patient expired due to progressive disease.  

 

Patient #15 was a male in his late 60’s with stage IV melanoma, who was being treated with an experimental protocol of nivolumab with NKTR-214 (an IL-2 prodrug). The patient began experiencing dyspnea 4 

days after his 9th dose of immunotherapy. The patient presented the next day and was found to have a troponin elevation of 0.19 ng/mL which subsequently increased to a max of 0.77 ng/mL and persisted over 

the course of 15 days. The patient was also diagnosed with suspected pneumonitis with hypoxemia and findings consistent with pneumonitis on CT of chest. There were no accompanying changes on ECG or 

echocardiogram. The cardiologist did not favor steroids for low grade troponin elevation in this case, so immunotherapy was permanently discontinued, after which the patient’s pneumonitis and myocarditis 

resolved. 

 

Case Reports: Other Cardiotoxicities 

Case summaries and cardiac parameters for other cardiotoxicities are provided in Supplementary Tables 6 and 7. 
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Online Table 6. Patient Case Summary for Other Cardiotoxicity Patients 

Patient Gender PMH Cancer 

Checkpoint 

Inhibitor Cardiotoxicity 

Number 

of doses 

Time 

from ICI 

Initiation 

Time 

from 

previous 

dose 

Symptoms and 

Signs 

Other 

Side Effects Treatment 

Treatment 

Outcome 

Days 

to 

death 

Cause of 

Death 

16 F 

HTN – severe, 

Hyperlipidemia, 

Ovarian Cancer, 

Stage III-C 

pembrolizumab 

+ bevacizumab  

Heart failure 

exacerbation 1 8 days 8 days 

Dyspnea, 

Edema, Acute 

Decompensated 

HF  

Immunotherapy 

temporarily halted, 

nifedipine and 

diuresis 

Cardiotoxicity 

resolved, 

immunotherapy 

reinitiated 3 

months later   

17 M 

HTN, COPD, 

T2DM, 

Hyperlipidemia,  

Melanoma, 

Stage IV nivolumab 

Hyper-

progression, 

pneumonitis 2 35 days 8 days Dyspnea, Pneumonitis,  

IV 

methylprednisolone, 

patient expired 

before any further 

treatment 

Patient expired 

from 

complications 

of metastatic 

disease 23 

Respiratory 

failure due to 

metastatic 

cancer  

18 M 

Type 2 Diabetes, 

Hypothyroidism 

Melanoma, 

Stage IV 

Nivolumab + 

NKTR214 

Acute Coronary 

Syndrome 1 6 days 6 days 

Chest pain, 

fatigue, fever  

2 stents placed, 

supportive care, 

immunotherapy 

temporarily held 

and later resumed 

Cardiotoxicity 

resolved    

19 M 

HTN, 

Hyperlipidemia, 

Hypothyroidism, 

Pancreatitis, 

Gout, 

Neuropathy 

Urothelial 

Cancer of 

bladder atezolizumab 

Acute Coronary 

Syndrome 3 82 days 40 days 

Chest pain, 

fatigue,  

Adrenal 

insufficiency  

Supportive care, 

immunotherapy 

stopped 

Cardiotoxicity 

resolved   

20 F Neuropathy 

Adenocarcinoma 

of colon pembrolizumab Demand ischemia 1 17 days 17 days 

Dyspnea, 

chills, nausea Pneumonitis 

Supportive care, 

immunotherapy 

stopped,  

Not followed 

due to poor 

prognosis, 

patient 

discharged to 

palliative care 

38 

days 

Respiratory 

failure due to 

extensive 

metastatic 

disease 

 21 F 

CAD w h/o 3x 

CABG, h/o 

pacemaker 

implant, Type 2 

Diabetes 

Melanoma, 

Stage IV pembrolizumab 

Heart failure 

exacerbation 11 216 days 0 days 

Dyspnea, 

peripheral 

edema,   

Immunotherapy 

stopped 

Cardiotoxicity 

self-resolved   

22 F 

HTN, 

Hyperlipidemia, 

A. fib., CAD, 

Hypothyroidism 

Melanoma, 

Stage IIIC 

pembrolizumab 

+ interferon 

alfa-2b 

Coronary artery 

spasm 1 14 days 14 days 

Dyspnea, chest 

pain, fatigue, 

flu-like 

symptoms,   

IV 

methylprednisolone 

with short steroid 

taper, 

immunotherapy 

temporarily halted 

Cardiotoxicity 

resolved   

23 F 

HTN, CAD, 

Hypothyroidism, 

Thyroid Cancer 

Squamous cell 

carcinoma, head 

and neck nivolumab 

Chronic Ischemic 

Heart Disease 3 57 days 15 days Myalgia  

Supportive care, 

Immunotherapy 

stopped 

Not followed 

due to 

concurrent 

morbidity, 

patient expired 

due to other 

cases 74 pneumonia 
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Online Table 7. Cardiac Parameters for ICI-treated Other Cardiotoxicity Patients 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Patient #16 was a female in her mid 70’s with stage IIIC ovarian cancer and a past medical history of severe hypertension. The patient developed dyspnea and peripheral edema 8 days after receiving their first 

dose of pembrolizumab and bevacizumab. The patient presented 19 days after the onset of symptoms, when they were found to have an elevated troponin of 0.07 ng/mL, elevated BNP of 1083 pg/mL and 

reduction in LVEF to 50% from a baseline of 65%. Patient’s condition was attributed to an exacerbation of undiagnosed chronic heart failure with concurrent renal failure.  Patient was treated with supportive 

care and immunotherapy was temporarily withheld due to suspicion of cardiotoxicity. The patient was subsequently successfully restarted on pembrolizumab approximately three months later with no return of 

cardiotoxicity.   

 

Patient #17 was a male in his early 70’s with stage IV melanoma, treated with nivolumab. The patient began experiencing dyspnea 8 days after his second dose of nivolumab. The patient presented 22 days after 

the onset of dyspnea with an elevated troponin of 0.39 ng/mL and transient right bundle branch block. The patient’s symptoms and elevated biomarkers were initially attributed to possible myocarditis or 

pneumonitis. The patient was started on oral prednisone 50 mg twice daily on day 14 after dyspnea onset for what was determined at the time to be a COPD exacerbation. When myocarditis was suspected on day 

22, the patient received 2 doses of methylprednisolone 1 g IV on that day and the following day with no response. CT revealed extensive metastatic progression of melanoma resulting in multiple pulmonary 

Patient 

Troponin 

at 

Onset 

(ng/mL) 

Max of 

Troponin 

(ng/mL) 

Max of 

BNP 

(pg/mL) 

Max of 

CK 

(IU/L) 

Max of 

CK-MB 

(ng/ml) ECG Findings LVEF % Outcome 

16 0.07 0.07 1083 49 1.9 

Left axis deviation, left 

atrial abnormality 50 Resolved 

17 0.39 0.39 153 41 4.9 

Partial RBBB, 

ventricular bigeminy  

Patient expired from other 

causes 

18 1.74 1.74  48  

Partial RBBB, anterior T 

wave abnormality  Resolved 

19 0.98 1.08 448 25  

anterior and inferior T 

wave abnormality 60 Resolved 

20 0.14 0.14 77 23 1 No significant findings 69 

Patient expired from other 

causes 

21 0.03 0.06 299 51 1.8 No significant findings 60 Resolved 

22 6.18 6.18 318 360 11 

nonspecific ST-T 

changes 56 Resolved 

23 0.52 0.68  38 0.9 No significant findings  

Patient expired from other 

causes 
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nodules, innumerable masses in the liver, multiple metastatic lesions in the spleen, left adrenal gland, and lymph nodes, and massive left inguinal femoral adenopathy.  On day 23, the patient succumbed to 

respiratory failure likely due to hyper-progressive disease. Troponin elevations and right bundle branch block were ascribed to right heart strain resulting from underlying metastatic pulmonary disease.   

 

Patient #18 was a male in his late 60’s with stage IV melanoma. The patient presented with a significant troponin elevation of 1.74 ng/mL and partial right bundle brand block 6 days after his first dose of 

nivolumab and an experimental agent NKTR-214 (an IL-2 prodrug). The patient was hospitalized for suspected myocarditis, but cardiac MRI was negative for myocarditis and the patient was determined to have 

non-Q wave myocardial infarction. Cardiac catherization revealed multiple vessel coronary artery disease and patient had two stents placed in left anterior descending coronary artery. Patient had no known heart 

or cardiovascular disease at baseline. Troponin remained elevated for 26 days after myocardial infarction, after which it returned to a baseline value of 0.01 ng/mL and nivolumab therapy was deemed safe to 

resume. Patient experienced no further potential cardiotoxicities while receiving an additional 7 doses of immunotherapy.   

 

Patient #19 was a male in his late 60’s with urothelial cancer of bladder treated with atezolizumab. The patient began to experience chest pain and fatigue and presented with an initial troponin elevation of 0.08 

ng/mL occurring 40 days after the patient’s third dose of atezolizumab. The patient was determined to have CAD with NSTEMI when hospitalized, and his troponin peaked at a max of 1.08 ng/mL day 6 after his 

initial presentation. Notably, this patient was receiving oral prednisone 100 mg daily for ICI-related adrenal insufficiency at the time of this event. This patient had no known history of CAD but did have 

hypertension and hyperlipidemia. Immunotherapy was never again pursued in this patient.  

 

Patient #20 was a female in her mid-60’s with adenocarcinoma of the colon treated with pembrolizumab. The patient presented with dyspnea, chills, and nausea, with a troponin elevation of 0.14 ng/mL 17 days 

after her first dose of pembrolizumab. The patient was diagnosed with grade 4 pneumonitis and respiratory failure. ECG and echocardiogram were reported normal.  Full cardiac workup and continued monitoring 

were not pursued in light of severe pneumonitis and poor cancer prognosis. Patient received methylprednisolone IV for pneumonitis as well as palliative radiation but ultimately succumbed to pneumonitis 22 

days after presenting with elevated troponin.  

 

Patient #21 was a female in her mid-80’s with stage IV melanoma, with a past medical history significant for coronary artery disease with triple bypass and pacemaker implantation. The patient presented with 

peripheral edema, persistent BNP elevation (277 pg/mL) and marginal (0.06 ng/mL) troponin elevation from baseline of 0.03 ng/mL after receiving her 11th dose of pembrolizumab. Elevated cardiac biomarkers 
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were attributed to exacerbation of undiagnosed heart failure although her last echocardiogram was essentially negative. Immunotherapy was halted but no specific treatment was pursued and patient was referred 

to outpatient cardiology for management of presumed heart failure. 

 

Patient #22 was a female in her mid-70’s with stage IIIC melanoma, enrolled in a trial of pembrolizumab and interferon alfa-2. The patient presented with transient chest pain and dyspnea and an elevated troponin 

of 6.18 ng/mL with accompanying elevations in BNP, CK and CK-MB, 14 days after her first dose of pembrolizumab. Patient received four doses of methylprednisolone IV followed by oral steroid taper starting 

with prednisone 100 mg daily for suspected myocarditis. However, the patient’s cardiac MRI was negative and coronary artery spasm was deemed the most likely explanation in this case. Troponin rapidly 

normalized within 15 days back to 0.01 ng/mL as did CK and CK-MB. Patient was quickly tapered off steroids and immunotherapy was subsequently reinitiated with no return of cardiotoxicity.  

 

Patient #23 was female in her early 70’s with squamous cell carcinoma of the head and neck. The patient was found to have a troponin elevation of 0.52 ng/mL incidentally during hospitalization for pneumonia, 

15 days after her 3rd dose of nivolumab. Patient had history of mild CAD but due to pneumonia, cardiac work up was not pursued. Due to the mild nature of the troponin elevation and concurrent morbidity, 

myocarditis was not deemed likely but nivolumab was discontinued and the patient succumbed to pneumonia two weeks later.  
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Online Figures 
 

 

 

Online Figure 1. Analysis of circulating CX3CR1+ CD8+ T cells and acute myocardial infarction panel. 
 

(A) Gating strategy for identifying CX3CR1+ CD8+ T cells in peripheral mononuclear blood cells. Cells were first gated for lymphocytes (SSC-A vs. FSC-A) and for singlets (FSC-H vs. FSC-A). 

(B) Left panel shows CX3CR1 expression in peripheral blood (PB) CD8+ T cells before and during treatment in a patient who developed fulminant myocarditis to anti-PD-1 therapy. Numbers denote percent CX3CR1+ cells. Right panel shows % 

change of CX3CR1+ subset in PB CD8+ T cells (CX3CR1 score). 

(C) Changes in plasma values of troponin, lactate dehydrogenase (LDH), aspartate aminotransferase (AST), alanine aminotransferase (ALT), alkaline phosphatase (ALP), and total bilirubin (T-bil) before and during treatment in the patient as 

described in Fig. 6B.  
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